Opal photonic crystals viewed along the ͓111͔ direction of the fcc structure have a threefold symmetry axis; however this microscopic symmetry is difficult to observe in optical measurements performed on macroscopic areas containing microdomains with different orientations. In this work polarized transmittance measurements on ͓111͔-stacked silica opals with single oriented microdomains, identified by field-emission scanning electron microscopy and laser-scanning confocal microscopy, demonstrate different optical response of twin structures with the two possible vertical stacking sequences. A detailed comparison with theory shows that microtransmittance experiments probe the photonic band structure along the ⌫-L-K and ⌫-L-U orientations of the Brillouin zone, respectively, thus giving conclusive evidence for macroscopic optical response related to the presence of a threefold ͑instead of a sixfold͒ symmetry axis in the photonic microstructure.
I. INTRODUCTION
Opal-like structures, consisting of fcc lattices of dielectric spheres, are the most commonly studied example of a threedimensional ͑3D͒ photonic crystal ͑PhC͒.
1-4 Artificial opals are produced by means of either sedimentation or vertical deposition on a glass substrate and are usually stacked along the ͓111͔ crystallographic direction of the fcc lattice. 5 Several studies of the optical properties of opals have been undertaken. Much of the earlier research focused on the first-order stop band along the ͓111͔ direction ͑corresponding to a gap at the L point of the Brillouin zone͒ and on its evolution with the angle of incidence. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] 24, 34 Polarization anisotropy effects have also been discussed. 9, 23, 28, 40, 42 Optical features at large angles arising from multiple Bragg coupling or diffraction have been investigated by several authors, 23, 25, 29, 31, 36 as well as optical spectra in the region of the second-order stop band with the important effects related to diffraction from high-energy bands. 32, 33, 35, 45, 46, 48 Phase delay and group-velocity dispersion have also been determined. 7, 19, 38, 46 Structural properties, especially in connection with stacking of lattice planes along the ͓111͔ direction and interplay of fcc versus other close-packed arrangements, have been thoroughly studied in recent years. 21, 22, 31, 41, 44, 47 It is well known that the ͓111͔ direction of the fcc structure is a rotation axis of order three ͑or threefold symmetry axis͒; however it is not easy to reveal the consequences of this microscopic property in optical spectra. The surface plane of a ͓111͔-stacked opal 49 consists of a hexagonal lattice of spheres; hence an opal sample when observed with an optical microscope looks as having a sixfold symmetry. The presence of a threefold symmetry can only be recognized by looking at the plane of spheres just below the surface: there are two possible arrangements for this plane and they correspond to either the ABC,ABC,... or ACB,ACB,... stacking sequence in the close-packed fcc lattice. 50 Thus, verifying the effects of a threefold symmetry axis in the optical response is closely related to determining the stacking sequence in the microscopic structure. Figure 1 shows a 3D view of the opal structure in direct space and of the Brillouin zone in reciprocal space. The z axis is taken along the ͓111͔ direction and the same choice of axes will be used throughout the paper. Panels a and b illustrate one of the two possible stacking sequences and the Brillouin zone in panel c corresponds to the same choice of orientation. The presence of a threefold symmetry axis is clearly seen from the figure. The correspondence between the orientations in direct and reciprocal spaces is most easily recognized by noting that the quadrant defining the ⌫-L-U orientation in the Brillouin zone cuts the right square facet containing the X point and it corresponds to the right square facet in the 3D views of Figs. 1͑a͒ and 1͑b͒. On the other hand, the quadrant defining the ⌫-L-K orientation cuts the left hexagonal facet containing another L point and it corresponds to the left hexagonal facet of Figs. 1͑a͒ and 1͑b͒.
Also, notice that the six ⌫-L-W orientations in the upper face of the Brillouin zone are equivalent among themselves; in particular two opposite LW directions can be transformed into each other by reflection symmetry with respect to a ⌫-L-U ͑or ⌫-L-K͒ mirror plane. On the other hand, the three ⌫-L-K orientations are equivalent among themselves but different from the ⌫-L-U orientations: indeed, the two sets of orientations cannot be transformed into each other as the ⌫-L-W plane is not a mirror plane of the fcc structure. These considerations are obviously in agreement with the grouptheoretical analysis of eigenstates in opal-based photonic crystals. 51 On the experimental side, optical properties at small values of the incidence angle are nearly isotropic and it is only at large angles that different orientations in a ͑111͒ plane can be distinguished. As we have just remarked, the six ⌫-L-W orientations are equivalent among each other. Thus, verifying the presence of a threefold symmetry axis amounts to distinguishing between ⌫-L-K and ⌫-L-U orientations. However, opal samples as commonly grown are characterized by the presence of microdomains with twin structures, namely that of Fig. 1 and the one obtained by applying mirror reflection in the yz plane: thus any optical measurement performed on large areas yields an average over different domains and shows properties associated with sixfold rotation symmetry around the ͓111͔ direction. Furthermore, in a reflection experiment the optical beam crosses the sample in two opposite directions: again, the resulting reflection spectra are equivalent to averaging over two stacking sequences and display sixfold rotation symmetry. 52 It is only by performing transmission experiments at large angles on single-domain crystals that the presence of threefold rotation symmetry can become manifest in optical properties. While the presence of twin fcc structures in macrodomains and their effect on the optical properties have been studied by several authors, 17, 40, 42, 44 oriented domains of a truly fcc lattice with well-defined stacking sequence were only observed by x-ray diffraction at grazing incidence 13 or in optical diffraction from colloidal structures. 22 In this work we study artificial opals made of silica nanospheres that are shown to possess long strips corresponding to the two different stacking sequences of the fcc lattice. By field-emission scanning electron microscopy and by confocal microscopy, we are able to identify microdomains that correspond to a well-defined stacking sequence. Polarized transmission experiments up to large angles of incidence on such oriented microdomains give evidence of a different optical response that is related to the physically nonequivalent ⌫-L-K and ⌫-L-U orientations. A detailed comparison with theoretically calculated photonic bands and polarized spectra allows us to confirm the interpretation and to relate transmittance spectra with photonic bands for the respective orientations. The results give conclusive evidence for optical properties related to the presence of a threefold symmetry axis in the opal microstructure and, therefore, for the exact correspondence between symmetry properties at microscopic and macroscopic levels in these 3D photonic crystals.
II. SAMPLES AND MICROSCOPIC CHARACTERIZATION
Silica nanospheres ͑430 nm diameter, 3%-4% polydispersity͒ were synthesized by a sol-gel procedure based on the Stöber-Fink-Bohn method, consisting of the hydrolysis and condensation of tetraethyl orthosilicate ͑TEOS͒ catalyzed by ammonia. 53, 54 Artificial opals were successively grown by vertical deposition technique. 55, 56 Such a self assembling method involves placing a nearly vertical glass substrate in aqueous suspension of nanospheres ͑0.5 vol %͒ previously obtained. The solvent evaporation performed under suitable conditions ͑temperature of 55°C, atmospheric pressure͒ led to the deposition of ordered three-dimensional packing along the ͓111͔ crystallographic direction of the fcc lattice, having several square centimeter dimensions parallel to the glass substrate and a thickness varying between 4 and 15 layers of spheres. The sample regions chosen for optical characterization, several mm 2 in extension, had 12 layers as determined from an analysis of the optical response. 38 Initial morphological characterization was performed employing optical microscopy. The experimental geometry, as well as the collected images, are shown in Fig. 2 . When illuminated under normal incidence as in Fig. 2͑a͒ , the samples are homogeneously colored, and present small domains in the form of strips which run parallel to the growth direction y and are separated by macroscopic cracks ͓see Fig.  2͑c͔͒ . The strip width is in the 50-300 m range. However, when the sample is illuminated at a finite angle as shown in Fig. 2͑b͒ , one can see that alternating domains, named 1 and 2, present different colors ͓see Fig. 2͑d͔͒ . Furthermore,
͑Color online͒ ͓͑a͒ and ͑b͔͒ Opal structure in direct space: ͑a͒ top and ͑b͒ side views. The z axis is taken along the ͓111͔ direction. ͑c͒ fcc Brillouin zone with symmetry points. The triangle in ͑a͒ is placed with its center above one of the spheres of the second layer.
changing the sign of the angle of illumination reverses the colors observed in the two different types of domains.
The geometry of optical transmission experiments at oblique incidence is shown in Fig. 3͑a͒ and light is focused onto the single domains or strips seen under the optical microscope. Thus, in order to characterize the structural properties of the single domains, we observed the sample surface under a field-emission scanning electron microscope ͑FESEM͒ ͑Zeiss Supra 40͒. Figure 3 shows FESEM images of sample regions corresponding to domains of types 1 and 2 ͓Figs. 3͑b͒ and 3͑d͒, respectively͔. A large enough magnification was employed in order to appreciate the plane of spheres lying below the top surface. In these images, a chromatic bandpass filtering has been applied in order to emphasize the absence of nanospheres in the second fcc layer under particular interstices of the first layer ͓blue spots in Figs. 3͑b͒ and 3͑d͔͒. It can be seen that, in the two domains, the layer just below the surface takes one of the two possible positions when stacking hexagonal planes in a close packing arrangement, as indicated by the red triangles. Assuming that both domain types have fcc symmetry, the above observation indicates that each domain type possesses one of the two available stacking sequences for this particular crystal structure, namely ABCABC... or ACBACB…. Such peculiar pattern, with crystal domains parallel to the growth direction y but oriented in different manner, is believed to have originated from convection fluxes of the colloidal suspension which have been shown to affect sample morphology. 31, 57 The different stacking sequences corresponding to the two domains are even better evidenced by laser scanning confocal microscopy ͑LSCM͒ ͑WITEC AlphaSNOM͒. In such a setup, the sample is raster scanned through the focal region of a high numerical aperture ͑NA͒ ͑=0.95͒ microscope objective. In Fig. 4 we show reflectance maps of two different layers for the two domains starting from the first layer ͓Figs. 4͑a͒ and 4͑c͔͒ and moving to the second layer ͓Figs. 4͑b͒ and 4͑d͔͒ of the artificial opal. 58 In Figs ͑Color online͒ Observation of ordered domains under the optical microscope in transmitted light. ͓͑a͒ and ͑b͔͒ Illumination geometry with incident light at normal and oblique incidences, respectively. ͑c͒ With illumination at normal incidence, the sample appears homogeneous. ͑d͒ With illumination at oblique incidence, bright ͑type 1͒ and dark ͑type 2͒ regions become manifest. The y axis in ͑c͒ and ͑d͒ is parallel to the direction of growth in the vertical deposition.
͑Color online͒ ͑a͒ Geometry of transmission experiments: light is incident from the top and has negative k x and k z components. ͑b͒ FESEM image of type-1 microdomain with ͑c͒ vertical cross section of Brillouin zone corresponding to the experimental geometry ͑only the relevant symmetry points are shown͒: the incident-beam probes the ⌫-L-U orientation. ͑d͒ FESEM image of type-2 microdomain with ͑e͒ vertical cross section of Brillouin zone corresponding to the experimental geometry: the incident-beam probes the ⌫-L-K orientation. The dotted lines in ͑c͒ and ͑e͒ indicate two paths in k space, to be referred to later. The blue spots in ͑b͒ and ͑d͒, arising from a chromatic bandpass filtering, denote the absence of nanospheres in the second fcc layer below particular interstices of the first layer. The red triangles are placed with their center above one of the spheres of the second layer. Notice that type-1 domains in ͑b͒ have the same orientation as the schematic structure in Figs. 1͑a͒ and 1͑b͒. while the triangles emphasize the particular packing sequence in agreement with FESEM characterization. In Figs. 4͑c͒ and 4͑d͒ the other stacking sequence corresponding to domain 2 is shown. Altogether, structural information from FESEM and confocal microscopy yields clear-cut evidence of the presence of oriented domains with the two stacking sequences allowed for ͓111͔-stacked fcc structure.
These structural observations allow us to align the sample prior to performing an optical characterization. Figures 3͑c͒  and 3͑e͒ show vertical cross sections of the Brillouin zone in the xz plane, relevant for transmission measurements for domains of types 1 and 2, respectively. The correspondence is most easily seen by noticing that domains of type 1 correspond to the orientation of the structure in Figs. 1͑a͒ and 1͑b͒ and indeed the cross section in Fig. 3͑c͒ is oriented like the Brillouin zone in Fig. 1͑c͒ . In the present experimental geometry with the incident wave-vector components pointing along the negative x and z axes ͓see Fig. 3͑a͔͒ when probing a domain of type 1, the incident wave vector will probe the photonic band structure along a ⌫-L-U orientation. 59 Notice that k = ͑k x , k z ͒ with negative k x , k z is equivalent to −k = ͑−k x ,−k z ͒: the relevant symmetry points are shown in the cross section of Fig. 3͑c͒ . On the other hand, if we consider a type 2 domain, the incident-beam probes the photonic bands along the ⌫-L-K orientation and, again, Fig. 3͑e͒ displays the relevant symmetry points. This should allow us to measure and distinguish the bands along the two orientations by just moving from one sample domain to another, with the experimental geometry kept fixed.
III. OPTICAL MEASUREMENTS AND COMPARISON WITH THEORY
According to the above discussion we are now able to probe the optical properties along the ⌫-L-U or ⌫-L-K orientations, always under the assumption that our samples present an fcc crystal structure. 60 As mentioned before, we expect a different behavior for each case. This is evidenced in Fig. 5 by the photonic bands for the infinite ideal fcc lattice calculated by plane-wave expansion. 61, 62 In Fig. 5͑a͒ we show the usual representation of energy bands along a path connecting high-symmetry points on the surface of the fcc Brillouin zone. Here we can see how energy bands calculated along L-K and L-U directions in the upper hexagonal facet of the Brillouin zone are identical. It is only when the considered path moves away from the hexagonal facet that, along the LK and UX directions, the bands become different since no gap opens at the X point of the Brillouin zone.
The distinction between ⌫-L-U and ⌫-L-K orientations becomes more pronounced when taking into account energy bands inside the Brillouin zone. Figure 5͑b͒ shows photonic bands calculated along the ⌫K and ⌫U directions. Here it is evident that although at the zone edge photonic modes in both directions have the same energy, for wave vectors inside the Brillouin zone the bands present quite a different behavior, which will determine a different optical response for the two orientations. Nevertheless the measurements at a fixed value of the incidence angle do not correspond to a straight line inside the Brillouin zone in wave-vector space but rather to a more complex curvilinear path that is not easy to visualize.
We now turn to the experimental results. Due to the microstructure of the samples, consisting of small domains pos- sessing different orientation, small probe beams were employed to avoid averaging the optical response of different domains. Transmission measurements have been performed by a microreflectometer setup 36, 63 with a probe white light beam from a halogen lamp having a spot diameter of 100 m and an angular aperture of 1°. Measurements were collected at increasing values of the angle of incidence in steps of 5°, either for unpolarized light or for both s and p input polarizations.
The difference between the ⌫-L-U and ⌫-L-K orientations can already be appreciated measuring the transmission for unpolarized light for domains of types 1 and 2, respectively. Results are shown in Fig. 6 for angles of incidence going from quasinormal incidence to 60°. It is evident from the measured spectra that the optical response is different if we increase the incidence angle along the ⌫-L-U or ⌫-L-K orientations. These differences become more pronounced in the high-energy region ͑a / Ͼ1͒, where multiple Bragg diffraction by several families of crystallographic planes takes place 32, 33, 35, 45, 46, 48 and the effects of a threefold symmetry axis on the optical properties are enhanced by Bragg scattering processes.
In order to better appreciate the differences between the optical response along the ⌫-L-U and ⌫-L-K orientations, we performed microtransmission measurements for s-and p-polarized input light, and represented the results in a contour plot. Figure 7 shows these results together with calculated bands. Photonic bands are plotted as a function of the incidence angle in by relating the wave vector to the angle with ͉͑k + G͒ ʈ ͉ = ͑ / c͒sin in , where G is a reciprocal-lattice vector. Two sets of bands are shown: for wave vectors on the plane containing the upper facet of the fcc Brillouin zone ͑red lines͒, and along the surface of the Brillouin zone following the LUX and LKL paths ͑blue lines͒. For the latter case, only the first two bands are represented for the sake of clarity. The paths in k space for "red" and "blue" bands are those shown in Figs. 3͑c͒ and 3͑e͒ , with the same convention of colors. As mentioned above, neither representation is rigorous; as in a transmission experiment we probe the eigenmodes inside the Brillouin zone and not only on its surface. Hence, an exact account for the optical response of the samples would come in principle from considering the energy bands inside the Brillouin zone together with the coupling efficiencies of the eigenmodes. 51 Nevertheless, we will see that, with the combination of the two sets of bands in Fig. 7 , we can gather relevant information regarding the optical response of the sample.
Dark streaks in the contour plots of Fig. 7 , corresponding to transmission dips in the measured spectra, closely match the dispersion of calculated bands even in the high-energy region. For lower energies a streak appears at a / = 0.64 for normal incidence and shifts to higher energies with increasing angle of incidence, corresponding to the L pseudogap associated with Bragg diffraction by the ͑111͒ planes parallel to the sample surface. For in = 45°an anticrossing takes place between this structure and another one presenting a dispersion of opposite sign. It is at this point that clear differences between the ⌫-L-U and ⌫-L-K orientations become apparent. Besides the fact that the anticrossing is much more evident for the case of p polarization, as previously reported, 23 it can be seen that for the ⌫-L-K orientation such anticrossing is more pronounced. This happens because the peak with negative dispersion is much more intense for the ⌫-L-K orientation than for the ⌫-L-U case. To understand this, one has to consider that the peak with negative dispersion, causing the anticrossing, comes from Bragg diffraction from adjacent families of planes such as ͑200͒ which are only excited for large incidence angles. When we increase the angle along the ⌫-L-U orientation, the streak becomes barely noticeable, as a consequence of the absence of a Bragg peak along the ⌫X direction for artificial opals. [64] [65] [66] On the other hand, on increasing the angle along the ⌫-L-K orientation, we encounter a marked streak coming from Bragg diffraction by ͕111͖ families of planes not parallel to the surface such as the ͑111͒ one.
In order to understand this behavior, we consider now the bands calculated along the surface of the Brillouin zone along the LKL and LUX paths ͓blue lines in Fig. 7 , see also Fig. 5͑a͔͒ . These bands contain the information about Bragg diffraction processes by other families of planes different from the ͑111͒ ones parallel to the in sample surface. If we consider energy bands for the ⌫-L-U orientation along the U-X direction, we see that no gap is present and this corresponds to the absence of a noticeable streak in transmittance spectra for in Ͼ 45°. This coincides with the fact that no Bragg diffraction peak by ͑200͒ planes can be observed for the particular case of artificial opals along the ⌫X direction in reciprocal space. On the other hand, along the ⌫-L-K orientation there is a small but noticeable energy gap ͑which is larger for p polarization͒ that corresponds to the visible streak in transmittance.
In Fig. 8 we show a contour plot of theoretically calculated transmission spectra. Calculations were performed with the scattering-matrix method described in Ref. 67 . Calculated bands on a plane containing the upper facet of the Brillouin zone ͑red lines͒ and along the LUX and LKL paths ͑blue lines͒ are also shown, like in Fig. 7. A few comments can then be made. First, theoretical transmission spectra are in good overall agreement with the experimental ones ͑apart from generally lower experimental transmittance at high energies due to diffuse scattering͒. The same features noticed above on the anisotropy of the optical properties between ⌫-L-U and ⌫-L-K can be recognized. The agreement between experiment and theory is an additional proof for the observation of optical properties related to two twin structures in our samples, which are characteristic of the ͓111͔-stacked fcc lattice. Finally, it is worth mentioning that rather thin samples ͑12 layers in the present case͒ can already reproduce the behavior predicted for the photonic bands of the infinite system.
The issue of possible presence of stacking faults is worth discussing. In principle, the observations by optical and confocal microscopies as well as FESEM cannot distinguish between the absence of stacking faults and their appearance in pairs. However, the occurrence of random pairs of opposite stacking faults would largely eliminate the difference in optical response between two domains since the transmitted beam in any domain would probe both ⌫-L-U and ⌫-L-K orientations. Thus, our observations of a large difference in the optical response together with the general agreement between experiment and theory point against this possibility. Also, we notice that in thin-film samples produced by dip coating the convective fluxes along the growth direction ͑studied, e.g., in Ref. 31͒, together with the low growth rate, play an important role in reducing the concentration of stacking faults and in improving the sample homogeneity. Indeed, both our microscopic and optical observations point to a very good homogeneity of the samples within each domain. Of course, a possible small concentration of stacking faults cannot be excluded: this may be responsible for some of the residual discrepancies that appear in the comparison between Figs. 7 and 8. The possible occurrence and optical characterization of stacking faults within each oriented domain is a very interesting topic that is worth further investigations in the future.
IV. CONCLUSIONS
We have performed structural and optical characterizations of thin artificial opals grown by vertical deposition with the goal of demonstrating the nonequivalence of ⌫-L-U and ⌫-L-K orientations in the optical properties. Such anisotropy, which can be observed in transmission ͑not in reflection͒ configuration, follows from the presence of a threefold symmetry axis in the microscopic fcc structure. The key observation, made with the optical microscope by illuminating at oblique incidence with respect to the ͓111͔ normal direction, is that the sample presents a series of narrow strips oriented along the growth direction which correspond to microscopic domains of the two possible stacking sequences of the fcc structure. This observation is corroborated by field-emission scanning electron microscopy and by laser-scanning confocal microscopy, which allow visualization of the nanosphere layer below the surface and therefore assignment of the proper stacking sequence to each oriented microdomain.
These morphological and structural characterizations allow us to orient the samples prior to optical transmittance measurements, which are performed with a spot dimension of the order of the domain size to probe each single oriented domain. For a specified experimental geometry, the ⌫-L-U and ⌫-L-K orientations can be probed by moving from one microdomain to the other. Both unpolarized and polarized transmission spectra show clear evidence of nonequivalent optical properties along the ⌫-L-U and ⌫-L-K orientations. A detailed comparison with calculated photonic bands and transmittance allows us to interpret many physical features of the spectra and to associate the anisotropy to the effect of Bragg scattering from families of lattice planes other than the ͑111͒ one. Altogether, the experimental results show clearcut evidence for the inequivalence of ⌫-L-U and ⌫-L-K orientations. The presence of a threefold symmetry axis has a marked effect on the optical transmittance at large angles when measured on properly oriented microdomains, thereby reconciling the symmetry of physical properties at microscopic and macroscopic levels.
